Abstract: Concepts for the activation of methane are derived from ion-molecule reactions of mass-selected, ground-state transition-metal cations M + . Elementary steps of industrially important processes are uncovered (e.g., oxygenation of methane or its coupling with carbon dioxide). In addition, the implications of the electronic structures of M(CH 2 ) + complexes for their reactions with nucleophiles are discussed, and the crucial role of contemporary quantum mechanical calculations in the elucidation of mechanistic details is emphasized.
INTRODUCTION
The transition-metal-mediated functionalization of methane constitutes an important, timely topic of research stimulated by both the challenging inertness of this simplest hydrocarbon molecule and the substantial economic interest in the use of natural gas resources [1] [2] [3] [4] [5] [6] . Insights into the role of the electronic structure of the metals [7] and the mechanistic details of the activation process can be gained by studies of mass-selected metal ions in the gas phase. This approach allows to unravel the intrinsic chemical behavior of metals at a molecular level under rigorous exclusion of many complicating factors such as solvent and aggregation effects, counterions or ligands. Not surprisingly, methane activation by bare ("naked") transition-metal cations M + has been at the focus of a number of fundamental gas-phase ion studies [7, 8] . While several electronically excited ions were reported to dehydrogenate methane (Reaction 1) and to form metal-carbene complexes M(CH 2 ) + [9, 10] , thermalized ground-state monoatomic 3d-and 4d-transition-metal cations do not react with methane [7, [11] [12] [13] [14] [15] . This unreactivity of bare metal ions, especially from the first row, is due to properties of the occupied 4s orbital [7] and unfavourable thermodynamics. To make Reaction 1 thermochemically feasible, the metal-methylidene bond strength D 0 (M + −CH 2 ) has to exceed 111 kcal/mol, i.e., the dissociation energy of CH 4 to CH 2 and H 2 . Irikura and Beauchamp were the first who discovered that bare third-row transition-metal cations M + (M = Ta, W, Os, Ir, Pt) dehydrogenate methane in a stoichiometric manner to yield M(CH 2 ) + [20] [21] [22] . In these cases, Reaction 1 is driven by the formation of extraordinarily strong metal-carbene bonds, and these remarkable bond strengths can be attributed to relativistic stabilization of the cationic complexes M(CH 2 )
+ [23] as demonstrated by fully relativistic four-component Dirac-Fock Coulomb benchmark calculations including correlation effects [24] . The reactions of Ir + *Plenary lecture presented at the 15 th International Conference on Physical Organic Chemistry (ICPOC 15), Göteborg, Sweden, 8-13 July 2000. Other presentations are published in this issue, pp. 2219-2358. †This article is dedicated to the memory of the late Prof. Ben S. Freiser, Purdue University, who has pioneered the field of organometallic gas-phase ion chemistry. Plenary lectures given by H. S. as the IUPAC Conferences on Physical Organic Chemistry (Göteborg, Sweden, 8-13 July 2000) and on Chemical Thermodynamics (Halifax, Nova Scotia, 6-11 2000) were based on the material presented here. ‡Corresponding author: Fax: ++49 30 314 21102; E-mail: schw0531@www.chem.tu-berlin.de [14, 25] , Pt + [26] [27] [28] [29] , and other transition-metal cations M + with methane have also formed the subject of detailed theoretical investigations using different levels of theory [30] [31] [32] [33] [34] .
In this account, an overview will be given on the gas-phase reactions of several M(CH 2 ) + complexes with molecular oxygen, carbon dioxide, and various nucleophiles aimed at uncovering the intrinsic mechanistic details of these extremely important coupling reactions by which, inter alia, methane is converted to CH 3 OH, CH 2 O, CH 3 CO 2 H, HCN, and other C-heteroatom coupling products. In addition, recent results for a direct amination of methane (CH 4 → CH 3 NH 2 ) as well as a new paradigm in the oxidation of CH 4 (and other hydrocarbons) by bare binary metal-oxide cations MO + will be presented. We will refrain from presenting any experimental and computational details; they can be found in the references given as well as in several review articles on gas-phase metal-ion chemistry [7, 12, [35] [36] [37] .
GAS-PHASE REACTIONS OF M(CH 2 )

+
Oxidation of Pt(CH 2 )
+ with molecular oxygen
The discovery [38] [28] . While some of the steps depicted in Scheme 1 correspond to well-known mechanisms, e.g., oxidative addition, reductive elimination, or hydrogen transfer, some less common types of reactions are also involved. The most notable reaction concerns the key step in the overall catalytic cycle, i.e., the reaction of Pt(CH 2 Tantalum-mediated coupling of methane and carbon dioxide via Ta(CH 2 ) + Selectivity in the C-H bond activation of alkanes has been referred to as the chemists' Holy Grail [41] . Clearly, an even greater challenge due to inherent thermochemical and kinetic obstacles concerns the simultaneous coupling of alkanes with CO 2 to yield the corresponding carboxylic acids (Reaction 2). Formation of acetic acid from CH 4 and CO 2 , for example, is of particular importance, and this reaction is endergonic under standard conditions and even 9 kcal/mol endothermic in the gas phase, not to consider any possible barriers associated with the bond activation and coupling steps.
[
With regard to a metal-mediated realization of Reaction 2 there are several prerequisites to be fulfilled by the metal [M] : it has to be capable of activating both CH 4 and CO 2 ; further, coupling of the fragments coordinated to the metal has to be brought about followed by product release to regenerate the metal catalyst. So far, the success obtained is disappointingly small. However, with regard to the realization of at least some elementary steps in the coupling of CH 4 and CO 2 , a stoichiometric variant was found when bare Ta + was used [42] . While Ta + efficiently reduces CO 2 to generate TaO + and TaO 2 + , in contrast to many late transition-metal oxides [36] neither TaO + nor TaO 2 + activate CH 4 in the gas phase. However, the carbene Ta(CH 2 ) + , which forms efficiently from CH 4 and Ta + [13, [20] [21] [22] 26, 38] , is able to deoxygenate CO 2 rapidly (φ > 0.95) to yield CO and OTa(CH 2 ) + . The latter reacts slowly (φ = 0.2) with a further equivalent of CO 2 to yield the dioxocation TaO 2 + as the only product. Based on thermochemical and mechanistic considerations, the neutral C 2 H 2 O product formed in this reaction corresponds to ketene. The sequence of Reactions 3-5 demonstrates that, at a molecular level, coupling of CH 4 and CO 2 can be achieved (Reaction 6). Nevertheless, Ta + has to be used in stoichiometric amounts and is consumed as TaO 2 + . While the formation of strong tantalum-oxygen bonds is, on the one hand, the driving force for ketene generation, on the other hand the fact that TaO 2 + cannot be reduced to Ta + by any of the common reagents limits the scope of the reaction. As to the elementary steps and the mechanism operative in this system, computational work by Sändig and Koch was extremely insightful [43, 44] Whereas formation of NH 4 + is a simple acid-base reaction, C-N bond coupling is achieved in the two other channels. The major pathway, to produce CH 2 NH 2 + , is found to be exothermic by 23 kcal/mol (relative to the separated reactants Pt(CH 2 ) + /NH 3 ), and all stationary points of the potential-energy surface are located below the entrance channel. The second pathway involves dehydrogenation to yield the aminocarbene complex PtC(H)NH 2 + (∆ r H = -36 kcal/mol). As to the mechanistic details, there are three options in the generation of CH 2 NH 2 + and PtH. Energetically most favored is a pathway commencing with a Pt + -mediated N-H bond activation of the organometallic ion PtCH 2 NH 3 + , followed by activation of a C-H bond of the methylene group and eventual liberation of H 2 . Much less favored (but still below the energy of the entrance channel) is a reversed sequence in which a 1,2 hydrogen shift from carbon to platinum precedes the 1,3-hydrogen migration from N to Pt. While in these two paths platinum is involved directly and exploited as a catalyst, the direct 1,2-elimination of molecular hydrogen across the C-N unit, a process in which the metal only serves as a spectator, is 23 kcal/mol above the energy of the reactants (Scheme 2) and can thus be discounted. + constitutes a gas-phase model for the platinum-mediated generation of water gas according to Scheme 3.
Interestingly, it is not the activation of methane but the addition of H 2 O to Pt(CH 2 ) + that constitutes the rate-determining step in the sequence to produce (H 2 O)Pt(CO) + (Scheme 3). As thermalized ions undergo only exothermic or almost thermoneutral reactions in gas-phase experiments of the type described here, the reaction stops after exothermic formation of (H 2 O)Pt(CO) + because according to thermochemical estimates, the final ligand detachment of CO and H 2 O has to be induced by an external input of about 102 kcal/mol to regenerate the bare Pt + [28] . In the reaction of Pt(CH 2 ) + with PH 3 (φ = 0.62), the third-row congener of ammonia, the major product (65%) corresponds to Pt(PH) + and CH 4 . Compared to NH 3 , the differences in product distributions can be ascribed to two major factors: (i) Due to the lower basicity of PH 3 (compared to NH 3 ) and (ii) less favorable π-bonding of phosporus, the formations of PH 4 + and CH 2 PH 2 + are not observed. Interestingly, the main primary product Pt(PH) + reacts consecutively with excess PH 3 to yield [Pt,P m H n ] (m = 1-6; n = 0-3). Saturation is achieved after addition of six phosphorus atoms, and, based on cir- , and interesting speculations have been put forward aimed at correlating the maximum number of ligands n max at Pt with the electronegativities of the elements and their abilitiy to form element-element bonds: n max corresponds to 2 for oxygen, 4 for sulfur, 6 for phosphorus, and can be as large as 13 for silicon-containing fragments.
For the organic nucleophiles CH 3 NH 2 and CH 3 OH, the homologs of NH 3 and H 2 O, C-N and C-O couplings are much less efficient than platinum-mediated C-H bond activation of the substrates. For example, the major primary process (40%) in the reaction of Pt(CH 2 ) + with CH 3 NH 2 (φ = 0.4), is a hydride transfer from methylamine to the platinum-carbene cation to generate CH 2 A pivotal question is whether the gas-phase process of metal-mediated carbon-nitrogen coupling (Reaction 7) in the functionalization of methane is confined to platinum, or if other metal cations also mediate C-N bond formation (Reaction 10). Therefore, the extension of this concept to other transition metals has been explored for selected 3d-, 4d-, and 5d-elements [47] . The product distributions of the reactions of M(CH 2 ) + and NH 3 are given in Table 1 .
The carbenes of the 3d-metals Fe + and Co + are unreactive toward ammonia. This inertness cannot be rationalized by the related metal-carbene bond strengths, as the carbenes of the 5d-homologs of Fe and Co (i.e., Os and Ir) react efficiently with ammonia (see below), although the release of the carbene unit is easier for 3d-than for 5d-metals [37] , and their 5d-counterparts indicate that the late 3d-metal carbenes possess higher partial charges on carbon than their 5d-congeners [23, 50] . Thus, the reaction of M(CH 2 ) + with NH 3 , a rather soft nucleophile, appears to be orbital-controlled. It remains to be demonstrated whether the larger polarizabilities of the 5d-metals as well as their more effective π-bonding facilitate nucleophilic attack at the π-system and can account for the observed differences in reactivity.
The carbenes of the 4d-and 5d-metals Rh, W, Os, and Ir show moderate efficiencies in their reactions with ammonia. The major pathway in the reaction of Rh(CH 2 ) + and NH 3 yields Rh + , a product channel that is not observed for platinum and the other 5d-metals. Although the neutral products cannot be detected directly, conceivable species such as CH 2 to these ionic reaction products. For osmium and iridium, large fractions of the carbenes are consumed by simple acid-base reactions with ammonia to afford MCH species. Conceptually, these carbyne species can be considered as precursors for soot formation such that the potential catalytic activity of these metals appears limited, judged on these particular gas-phase experiments. Although proton transfer from M(CH 2 ) + to ammonia is absent for tungsten, its high oxophilicity prompts efficient side reactions with background contaminants, like water or oxygen, to yield [W,C,O,H 2 ] + and WO 2 + , which render further investigations difficult.
The reaction of Au(CH 2 ) + and NH 3 yields exclusively CH 2 NH 2 + and neutral AuH with high efficiency; neither the acid-base reaction nor aminocarbene formation is observed. Thus, the most remarkable trend upon moving across the 5d-series concerns the decreasing branching ratio of aminocarbene vs. metal hydride formation. This trend nicely agrees with the reaction enthalpies for formation of CH 2 NH 2 + and neutral MH, which are negative for the late 5d-metals Ir, Pt, and Au only [47] . In fact, the above reaction is the most exothermic for gold, since D 0 (Au + −CH 2 ) is comparatively small while the Au−H bond strength and the first ionization energy of the gold atom, terms all of which affect the reaction enthalpy, are quite large.
However, the moderate exothermicity for the Ir(CH 2 ) + /NH 3 couple does not suffice for formation of CH 2 NH 2 + and IrH, and Au + is not capable of activating methane. Therefore, it is tempting to speculate that the unique reactivity of the platinum cation, i.e., the ability to combine methane activation with selective and efficient carbon-nitrogen coupling of the Pt(CH 2 ) + carbene with NH 3 , is also responsible for the outstanding role of platinum as catalyst in the Degussa process to generate HCN from CH 4 and NH 3 [47, 51, 52] .
DIRECT AMINATION AND OXYGENATION OF METHANE
Probably, the simplest and most direct access to primary amines involves the insertion of an imine fragment NH in a C−H bond of the organic substrate (Reaction 11).
R−H + NH R−NH 2 (11) However, naked imine is an energy-rich compound (∆ f H = 90 kcal/mol), and its usually endothermic formation requires harsh conditions and high temperatures. More promising approaches involve transition metals which may serve to generate and bind the imine fragment, and eventually to transfer it to the organic substrate. In the condensed phase, a large number of transition-metal imido complexes [M](NH) are known [53] [54] [55] , and depending on the electronic environment provided by [M] , the reactivity character of the imine ligand can be tuned such that even activation of aliphatic and aromatic C−H bonds can be achieved. Reactivity studies of ionic M(NH) +/-species in the gas phase are scarce [20, [56] [57] [58] [59] , and Cu + differ in that they do not form metal-imine complexes when reacted with NH 3 [60] .
Fe(NH)
+ is expected to possess a well-balanced bonding situation between these extremes along the 3d-series, rendering it a suitable candidate for catalytic procedures. In fact, Freiser and coworkers have demonstrated in a pioneering study about transition-metal imines, that bare Fe(NH) + is able to transfer the imine unit to benzene as well as ethene [56] . Recently, in a detailed experimental/computational investigation Freiser's work was extended [61] . Ab initio calculations at the MR-ACPF level predict + system in its reaction with H 2 and CH 4 remain to be provided by computational studies, which in view of the existence of energetically comparable spin states for Fe(NH) + will constitute a formidable challenge.
Hydroxylation of nonactivated C-H bonds is a central research issue in many areas of contemporary chemistry, and of particular interest-not least due to its economic importance-is the direct conversion of methane into methanol [1]. The efficiencies φ and the product branching ratios for the gas-phase reactions of methane with selected bare MO + cations (Reaction 12) are collected in Table 2 . [62, [64] [65] [66] . Also of interest is a comparison of the 5d-with the corresponding 3d-transition-metal oxides. For example, PtO + reacts with CH 4 at the collisional limit (φ = 1) to yield the carbene complex Pt(CH 2 )
+ and H 2 O as predominant product [28, 38] , whereas the isoelectronic NiO + reacts five times more slowly and gives rise to Ni + and methanol only [36, 67] . Similarly, FeO + oxygenates methane, while its third-row congener OsO + (φ = 0.6) exclusively dehydrogenates methane to yield (O)Os(CH 2 ) + [20] . The distinctly different reactivity of third-row MO + ions relative to their first-row analogs can partly be traced back to thermodynamic grounds, which originate from the significantly increased M + −CH 2 bond strengths for third-row transition metals due to the operation of relativistic effects [23, 24, 28, 68] .
Of particular interest is the reaction of FeO + with CH 4 [69] that has been studied by three different experimental techniques, i.e., Fourier transform ion cyclotron resonance, guided ion beam, and selected-ion flow tube mass spectrometry. The peculiarities of the reactions of FeO + with CH 4 , and also with H 2 , as well as the strikingly different product distribution for different binary metal-oxide cations (see Table 2 ) has initiated an "explosion" of computational activities [69, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] that eventually resulted in a new paradigm for the metal-mediated oxygenation of hydrocarbons: the two-state reactivity (TSR) concept [77, 83, 84] . The essence of a TSR scenario is depicted in a simplified manner [85] is more stable than the high-spin electromer. In the former, two covalent bonds can be formed via spin pairing, while the high-spin electromer of R−Fe−OH + is characterized by a partially anti-bonding interaction. Note that TSR does not involve any initial excitation of the reactants; rather, spin inversion occurs en route to the products and thus provides an energetically more favored reaction channel. In even a more general sense, the high-spin metal-oxo species can only undergo single-bond reactions, i.e., atom abstractions, radical-type processes, or electron transfer, whereas in addition to these, the low-spin states can also promote two-bond reactions, such as concerted bond insertion. Interestingly, several anomalies (kinetic isotope effects, inverse temperature dependencies, branching ratios) in the reactions of FeO + with various RH substrates, e.g., molecular hydrogen [70] , methane [70] , benzene [87] [88] [89] , norbornane [90, 91] , have been resolved by applying TSR, and there is also mounting evidence that the concept of two-state reactivity helps to clarify conflicting interpretations on intriguing experimental findings in the cytochrome P-450 mediated hydroxylations of hydrocarbons [83, 84, 92] . In addition, Yoshizawa and coworkers have demonstrated that in the hydroxylation of methane by FeO n+ (n = 0-2) the concerted, low-spin pathways are preferred irrespective of the actual charge state of the oxidant [76] . Most recently, the same research groups have addressed the femtosecond dynamics for the reactions of FeO + with both methane and benzene [93] . Reactivity enhancement by sequential ligation of the bare-metal cations has been demonstrated repeatedly, and a particularly striking example in the context of methane activation is provided by MoO n + (n = 1 -3) [94] . . At first sight, the formation of this ion is quite surprising, because it combines a reactive metal-oxo moiety with an oxidizable aldehyde ligand. However, similar reactions of only one of two oxo-ligands have been previously proposed in the reactions of OsO 2 + with methane and CrO 2 Cl + with ethene [20, 99] . Finally, with regard to the role of high-valent metal oxides the comprehensive study of the gasphase OsO n + chemistry (n = 0-4) by Irikura and Beauchamp [20] 
These reactions are noteworthy in that they were deemed to serve as a reactivity model for the catalytic conversion of methane into formaldehyde by metal oxides. However, the product formed in [20] , is also striking. Obviously, understanding the mechanistic details of metal-oxide mediated C-H bond activation is far from being complete. As stated above, the detailed electronic structure of MO n + matters a lot and the thermodynamic features of the various product channels play significant roles and need to be considered together with the origins of kinetically imposed bottlenecks [100] .
